In this work, a fourth-order accurate 2-D finite difference frequency domain method is proposed for the analysis of general waveguide structures. Finite difference techniques have been extensively used to solve electromagnetic problems over the decades. These methods discretize the computational domain using the Yee cell, but the standard Yee scheme used in these methods is only second-order accurate. In order to demonstrate the advantages of the proposed scheme compared to the multiresolution frequency domain method and the traditional 2-D finite difference frequency domain scheme, the dispersion characteristics of various waveguide structures are analyzed.
Introduction
Finite difference methods have been successfully applied to waveguide problems in the past [1] [2] [3] [4] [5] [6] [7] [8] [9] . In all these works, either 2-D finite difference frequency domain (FDFD) or multiresolution frequency domain (MRFD) methods were employed. The 2-D FDFD scheme (FDFD(2)) relies on the approximation of space derivatives of Maxwell's curl equations by central differences on staggered grids, leading to a scheme that is only second-order accurate in space. This method requires significant amounts of computational resources for electrically large problems mainly due to the requirement of finer meshes compared to the grid size of higher order schemes. Although the space-stepping finite difference frequency domain (SSFDFD) method has been developed to overcome the requirement of large amounts of computer memory [10] , it has stability issues because of the space stepping algorithm, similar to time stepping in FDFD. In order to solve such problems, higher-order 2-D FDFD schemes can be used. In this work, it has been shown that the fourth-order 2-D FDFD (FDFD(4)) method yields important computational savings in relation to the other methods without sacrificing solution accuracy. The approach given in this paper is mostly for metallic wall microwave waveguides. However, the 2-D FDFD(4) method is so versatile that even the anisotropic material can be solved easily by arranging the permittivity and permeability matrices accordingly.
FDFD(4) formulation
In finite difference methods, Maxwell's equations are discretized using a Yee cell [11] as shown in Figure 1 . In this cell, location of the electric and magnetic field vectors are different and half-cell shifted. In each cell the electric field components are located at the centers of the edges of the cell, whereas the magnetic field components are normal to the centers of the faces. There are no field components at the corners.
Due to this staggered fashion of the Yee cell, we use Taylor series of f (x) expanded at half-grid points, which makes it easy to implement higher-order 2-D FDFD schemes for electromagnetic problems. In order to develop the 2-D FDFD(4) scheme, one can take the Taylor series expansion of the function f (x) at two sample points as follows.
Similarly expand f (x) at x−h and x−3h points. We multiply all these expansions with arbitrary numbers, such as c 1 , c 2 , c 3 , and c 4 . After regrouping similar terms and doing some manipulation, we obtain the following:
One can find c 1 , c 2 , c 3 , and c 4 such that the linear combination of c 1 f
We impose the following conditions so that all other terms vanish and f ′ (x) only remains.
These equations can be written in matrix form as follows:
Solving this linear system, we obtain:
where h = ∆x 2 is the half of the grid size. From here, one can obtain a fourth-order accurate 2-D FDFD scheme as follows:
For the fourth-order scheme, the error term in the approximation of the derivative is of the form O[(∆x) 4 ], and the number of the electromagnetic field nodes involved in the computation of each field component is increased with respect to the second-order scheme.
Waveguide structures
It is very important to analyze the waveguide structures accurately since they are used as port data for simulation of microwave devices. The 2-D FDFD(2) method consume too many computational resources when compared to other frequency domain methods such as the eigen-based multiresolution finite difference frequency domain method developed in [9] . These methods are used to analyze the characteristics of waveguides, such as propagation constant, mode patterns, and characteristic impedance.
2-D formulation
Assuming that the waveguide structure is uniform along the z axis and the wave is propagating in the positive z direction, the electric and magnetic fields inside a waveguide can be expressed as:
where β is the propagation constant.
The differential Maxwell equations in the frequency domain for simple dielectric media are:
in which the space derivatives with respect to z can be replaced by−jβ (i.e. ∂/∂z = −jβ) . Substituting Eq.
(8) into the Maxwell curl equations of Eq. (9), the following scalar equations can be obtained.
Since Eqs. (13) and (16) don't include β , we cannot calculate the propagation constant using four equations with six unknowns. Therefore, two additional equations can be obtained by substituting Eq. (8) into Eq. (10) as follows.
The fourth-order accurate 2-D finite difference scheme given in Eq. (7) can be applied to the six scalar equations in Eqs. (11) though (18) to solve waveguide problems. To do this, compact 2-D Yee cells are used to discretize the equations. The cell structure is obtained simply by collapsing the 3-D Yee cell in the z direction. Only the first three of the resulting update equations are presented here as an example. The remaining update equations, which are not listed here due to space considerations, can be derived similarly by applying the same procedure. For Eq. (11), the grid structure is shown in Figure 2 .
Treatment of the boundaries
The fields on the boundary must be computed with special boundary conditions. The tangential electric and normal magnetic fields are equal to zero at the PEC boundary. However, update equations written for the grid nodes in the vicinity of the boundary include the field components outside of the computational domain. The image principle is adopted to calculate those nodes [12] . Moreover, the continuity condition of electric fields across two dielectric mediums is established by taking the average of the dielectric constants in the two regions on the interface. In the 1-D Yee grid shown in Figure 3 , for example, the following equations are used for the electric and magnetic field nodes outside of the computational domain. E y (i − 1) = −E y (i + 1) and
After implementing all the boundary conditions, field update equations can be used to form an eigenvalue problem as follows: ( 1) 
Numerical examples
In this section some numerical results are provided to illustrate the efficiency of the proposed method. All examples are coded in MATLAB and executed on a laptop PC equipped with 1.9 GHz processor and 2 GB RAM. Simulation results are compared to analytical calculations wherever possible [13] .
Air-filled waveguide
First, we start with the result of an air-filled rectangular waveguide with dimensions a = 1.5 cm, b = 0.6 cm as illustrated in Figure 4 . We assume that the waveguide is uniform along the z axis and the wave is propagating in the positive z direction. The propagation constants of the first-order mode are computed using FDFD(2), MRFD, and FDFD(4) methods. Results are compared to the analytical calculations in Figure 5 . 
Partially filled waveguide
The second example is the same waveguide partially filled with a dielectric as shown in Figure 6 . The relative dielectric constant of the substrate is ε r = 2.25 and height is h = 0.3 cm. Computed propagation constant values are given in Figure 7 . Taking the analytical value of propagation constant (β) at 10 GHz as a reference, computational errors of each method for different cell sizes are plotted in Figure 8 . As the cell size becomes smaller, the FDFD(2) method converges reasonably fast. MRFD and FDFD(4) results are too close to differentiate at this scale. 
Microstrip line
Finally, the propagation characteristics of the boxed microstrip line depicted in Figure 9 are considered. The dimensions are a = 1.5 cm, b= 0.6 cm, h = 0.3 cm, and w = 0.3 cm. Relative permittivity of the substrate (ε r ) is 30. The computed effective dielectric constant of this structure is shown in Figure 10 .
For all three cases, the MRFD and FDFD(4) grids were chosen to be coarser than the standard FDFD grid, yet the accuracy of both methods remained identical to that of FDFD (2) . Coarser mesh results in smaller matrix sizes and reduced computation time and memory requirements. For each example, cell size, simulation time, and matrix fill ratio are summarized in the Table below. Although FDFD(2) uses fewer nonzero elements in the matrix, the other techniques are faster because the matrix created by the FDFD(2) method is larger than 
Conclusion
In this paper, a fourth-order accurate FDFD scheme is developed and used to analyze the propagation characteristics of general waveguide structures. In order to show the effectiveness of the proposed method, numerical examples are provided and results are compared to MRFD and FDFD(2) schemes. Numerical results show that the FDFD(4) method achieves significant savings in terms of execution time and memory requirements.
